Purpose: Radioactive atoms attached to monoclonal antibodies are used in radioimmunotherapy to treat cancer while limiting radiation to healthy tissues. One limitation of this method is that only one radioactive atom is linked to each antibody and the deposited dose is often insufficient to eradicate solid and radioresistant tumors. In a previous study, simulations with the Monte Carlo N-Particle eXtended code showed that physical doses up to 50 Gy can be delivered inside tumors by replacing the single radionuclide by a radioactive nanoparticle of 5 nm diameter containing hundreds of radioactive atoms. However, tumoral and normal tissues are not equally sensitive to radiation, and previous works did not take account the biological effects such as cellular repair processes or the presence of less radiosensitive cells such as hypoxic cells.
I. INTRODUCTION
In radioimmunotherapy ͑RIT͒, cancer cells are killed thanks to potential induction of immune response and to ionizing radiation delivered by single radionuclides coupled to antibodies. The radiation efficacy is mainly influenced by the choice of the radioactive atom linked to each antibody as well as the biokinetics and the biodistribution of radiolabeled antibodies used to target a human tumor antigen. Clinical studies have, however, shown that doses higher than [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] Gy inside tumors are required for treating solid and poorly vascularized cancers. 1 Such doses are not easily obtained with such an approach, in spite of numerous efforts made to increase antibody accumulation and penetration inside the tumor. [2] [3] [4] [5] In a previous paper, we have proposed improving the tumor dose deposition, and therefore, the treatment response by replacing the single radioactive atom bound to each monoclonal antibody ͑mAb͒ by a 5 nm diameter inorganic nanoparticle composed of numerous radioactive and nonradioactive atoms. 6 The aim of such a treatment is to deliver a much higher dose to the tumor. Moreover, inorganic nanoparticles can contain different types of radionuclides ͑␣, ␤, ␥, or x-ray emitters͒ suited to both diagnostic and therapeutic applications. 7 The possible mix between different radiations will thus represent a practical tool for theragnostics. 8 This kind of radiolabeled antibody do not exist yet, but the development of both organic and inorganic nanoparticles that specifically target tumor cells or cancer vasculature has received considerable interest these past few years. Progress has been made to improve the stability of these nanoparticles within a biological microenvironment. 7 For example, by creating spherical radioactive nanoparticles whose diameter does not exceed 5 nm, the radiolabeled antibodies are small enough to reduce the opsonization process by the reticuloendothelial system ͑RES͒ responsible for their rapid clearance from blood circulation. 9 To avoid that any radioactive atom come off of the nanoparticle, it is possible to cover the nanoparticles with a thin layer of inert and biocompatible matter, such as Au or C. These biocompatible surfaces could also be coated by polymeric macromolecules, such as polyethylene glycol. This type of macromolecule enhances the chemical stability of nanoparticles in an aqueous environment and can act as a protective layer against the RES. 7,9-13 Finally, nanoparticles of 5 nm diameter possess a large surface capable of accommodating large number of functional groups so that more than one antibody can be conjugated per particle. The more antibodies per nanoparticles there are, the higher will be the biological half-life and uptake. Indeed, in vivo imaging on animals and humans has shown that targeted nanoparticles can be preferentially distributed in tumor mass after injection and relatively low accumulation of these nanoparticles is observed in other organs such as the spleen or liver, which means that antibodies can well be used to target the nanoparticles to specific anatomical sites. 7, [14] [15] [16] Beta-emitting radioactive nanoparticles have already been created and investigated with promising results. For example, researchers at the University of Missouri-Columbia have developed an efficient methodology to synthesize radioactive gold nanoparticles ͑12-18 nm͒ containing 198 Au ␤-emitters ͑␤ max = 0.96 MeV; half-life of 2.7 days͒. Coated with gum arabic ͑polysaccharide glycoprotein͒, they did not observe any aggregation or decomposition of these 198 Au nanoparticles in saline solution. Moreover, glycoprotein molecules have receptors in the liver and biodistribution studies performed on mice clearly showed a significant localization of 198 Au nanoparticles in liver. 17, 18 Finally, therapeutic efficacy was tested on mice bearing a model of human prostate cancer. An uptake of NPs in prostate cancer cells and a decrease in the tumor volume are clearly observed after a direct injection into the solid tumor. 19 More recently, Wu and co-workers 20 proposed synthesizing radioactive nanoparticles of 90 Y by using a protein cage of apoferritin. First tests were performed by diffusing 89 Y and phosphate ions into the cavity of apoferritin. The diameter of these phosphate/ apoferritin nanoparticles was around 8 nm after functionalization.
Despite these promising results to produce radioactive nanoparticles for radioimmunotherapy, a question remains: What would be the benefit of such configuration involving antibodies labeled with several 90 Y atoms configured as nanoparticles in term of dose and tumor control. This paper attempts to answer to that question with the help of Monte Carlo simulations and a simple 90 Y configuration. Monte Carlo N-Particle eXtended ͑MCNPX͒ simulations have been used to evaluate the physical dose around and throughout a spherical solid tumor. Dosimetry calculations were performed for the beta-emitting radionuclide 90 Y 2 O 3 and preliminary results showed that viable tumor cells receive physical doses of up to 50 Gy everywhere inside the tumor. This observation is still valid even for large nonuniform distribution of the total activity inside the tumor. Moreover, dose deposited around the tumor remains sufficiently weak to avoid affecting the surrounding healthy tissues. 6 However, the efficacy of a treatment against cancer does not depend only on the physical absorbed doses but also on other radiobiological parameters such as the radiosensitivity of the targeted tissues, the doubling time of the cancer cells, the repair process of sublethal damage taking place between two irradiations, and the effect of hypoxia for which the radiosensitivity changes according to whether cells are anoxic or well oxygenated. [21] [22] [23] All these biological effects are taken into account in the biological effective dose ͑BED͒ and tumor control probability ͑TCP͒ models. Consequently, they offer interesting tools to evaluate, at least theoretically, the efficacy of a specific treatment. Moreover, these mathematical models are often used to compare different radiotherapy techniques and to predict the most appropriate treatment for individual patients. [24] [25] [26] [27] [28] In this work, BED and control probability for successive concentric spherical shells inside and around the tumor ͓shell control probability ͑SCP͔͒ have been calculated for the nonsmall-cell lung cancer ͑NSCLC͒. This type of tumor is a good example of carcinomas for which patients have poor survival. 29, 30 Indeed, this cancer is relatively radioresistant and displays important hypoxic areas. Doses larger than 60-70 Gy are thus required to cure NSCLC. 1, 30, 31 In radioimmunotherapy, doses up to 60 Gy can be delivered within the tumor after several injections of radiolabeled antibodies over several days or weeks. Unfortunately, NSCLC is also well-known to be fast growing, with a cell doubling time ranging from 2.5 to 3.3 days. 1 So it is better to deliver a high total dose during a single injection rather than in small fractions over a longer time. In external beam therapy, such doses can be deposited at the tumor in one session but a great part of the surrounding healthy tissues will be also irradiated. In these conditions, RIT using radioactive nanoparticles coupled to an antibody seems to be a good method for treating solid carcinomas such as the NSCLC, since a single injection will be able to deliver doses larger than 60-70 Gy to the targeted tumor. It is, however, important to verify whether doses to healthy lung tissue remain lower than 30 Gy to avoid late complications like pneumonitis or fibrosis. 1, 22, 29 In the present paper, the physical doses D͑r͒ previously simulated with MCNPX 5.0 are converted into BED and SCP distributions. The main objective is, then, to analyze the cell cluster-killing efficiency resulting from the use of antibodies coupled to radioactive nanoparticles and compare these results to BED and SCP calculations when a single ␤-emitter 90 Y is coupled to each antibody.
II. BED AND SCP CALCULATIONS

II.A. Tumor model
Absorbed doses as a function of distance from the center of the tumor were simulated according to the MCNPX 2.5.0 code. This Monte Carlo software requires accurate information on the tumor structure and the microscopic distribution of radioactivity delivered by the radiolabeled antibodies. In order to accurately provide such information, we developed a new model for a spherical vascularized tumor in which the antibody distributions inside the tumor are uniform or heterogeneous. This tumor model is described in detail in a previous publication and consists of a set of spherical cell clusters of 250 m radius arranged in a simple cubic lattice structure as illustrated in Fig. 1 . 6 The spherical tumor of 0.5 cm radius can contain a maximum number of 3591 cell clusters. When the spherical tumor has a radius of 1.0 cm, the number of cell clusters increases to a value of 31 071 ͑Table I͒. The matter around each cell cluster represents the vascularized stroma containing a pre-existing blood network or new vessels created during angiogenesis. The radiolabeled antibodies can penetrate inside the tumor through this vasculature to surround the various cell clusters. The distribution of radiolabeled antibodies inside the tumor is uniform if all cell clusters in the cubic lattice have the same probability to be reached by an antibody. However, it is well-known that during angiogenesis, the outer region of the tumor is better vascularized than the center. [32] [33] [34] The density of blood vessels decreases toward the center and the heterogeneity in blood flow thus generates a nonuniform distribution of radioactivity in tumors. 35 In order to take this decrease in vasculature into account, linear and exponential distributions of radiolabeled antibodies inside the tumor have been modelized by subdividing the tumoral sphere into concentric shells of 0.05 cm thickness, with differing probabilities to be reached by an antibody. In our model, the probability that an antibody reaches a cell cluster located near the tumor radius hits a maximum value of 1.0. Inversely, the probability decreases to 0.1 for antibodies which reach the central cell cluster of the tumor. Between those values, the probability may decrease linearly ͓Eq. ͑1͔͒ or exponentially ͓Eq. ͑2͔͒. 
where NbShell represents the total number of shells obtained by subdividing the tumor radius by the thickness of concentric shells. "m" may vary from 1 for the cell cluster located at the center of the tumor to Nbshell for the cell clusters located in the vicinity of the tumor surface. Furthermore, it has to be noted that the center of large tumors often displays poorly oxygenated or hypoxic cells caused by the lack of vasculature. This situation can lead to the formation of a necrosed core. Central hypoxic areas are introduced in our tumor model by simply considering that the probability that an antibody reaches this region is null. The radius of the hypoxic core can vary widely with time and tumor type. In this work, we have chosen radii of 0.32 and 0.64 cm for both tumor radii of 0.5 and 1.0 cm, respectively. In this case, numbers of hypoxic cell clusters are 889 for the first tumor and 7729 for the second, meaning that about 25% of the total number of cell clusters are not oxygenated ͑dark gray cell clusters in Fig. 1͒ . Radii of hypoxic cores and numbers of normally oxygenated cell clusters are given in Table I for tumors of 0.5 and 1.0 cm radii.
II.B. Absorbed dose calculations
This tumor model was used to calculate the deposited dose inside and around cancer cells as a function of the distance from the center for two tumor radii ͑0.5 and 1.0 cm͒. In these simulations, tumors were irradiated by 90 Y 2 O 3 nanoparticles of 5 nm diameter. A 5 nm diameter nanoparticle of 90 Y 2 O 3 can contain a maximum of 1.73ϫ 10 3 atoms of yttrium-90, but we assume that the delay time between the antibodies' injection and their binding with tumoral antigens is 2 days, which means that only 60% of radioactive atoms inside each nanocluster are still radioactive when the nanoclusters reach the cancer cells.
Energy deposition for different distances "r" from the tumor center was determined by using SMESH tally proposed in the MCNPX code. The latter is capable of studying the electron transport through matter by taking into account the loss of energy, multiple scattering angles and "bremsstrahlung." All these physical processes are considered by using the photon-electron mode and the default PHYS cards for electron and photons with a cutoff energy at 0.005 MeV for both particles. The number of histories ͑NPs͒ was set to 50ϫ 10 6 particles and ␤ spectral data for yttrium-90 was taken from tables on the RADAR site ͑www.doseinforadar.cp/RADARDecay.html͒. The SMESH tally builds virtual three-dimensional spherical grids superimposed on the geometry of our tumor model and gives the energy deposition, in MeV/g per emitted particle, into each concentric spherical shell independently of the composition or density of each material used to modelize the tumor and its surrounding tissues. This energy deposition is then converted into deposited doses D͑r͒, in Gy, by the formula ͑3͒ proposed by Nuttens
where E͑r͒ is the energy deposition at a distance r from the center of the tumor, p is the average number of electrons emitted per disintegration, eff ͑=ln͑2͒ / T 1/2 eff ͒ is the effective decay constant, assuming a monoexponential decay. 37 eff is given by the sum of the physical decay and the biological clearance rate constants ͑ eff = phy + biol ͒. 6, 36 The physical half-life of yttrium-90 is well-known and corresponds to 64.1 h. [38] [39] [40] Based on pharmacokinetic studies on 90 Y, Wiseman and co-workers 41 estimated that the biological blood half-life of the antibody varies between 22 and 140 h. For our simulation, we supposed a biological half-life for healthy tissues of about 72 h. 42, 43 Clearance of the antibodies inside the tumor must be slower than in healthy tissues. But due to the short physical half-life of yttrium-90, the biological half-life in the tumor is mainly determined by the physical half-life of yttrium-90. So, for our simulations, we also supposed a biological half-life of 72 h for tumor tissues. In these conditions, the effective decay constant ͑ eff ͒ was evaluated at 2.04ϫ 10 −2 h −1 both for healthy tissues and tumors. The total activity Ã was calculated according to the expression ͑4͒ given in a previous publication
where n u and n a represent, respectively, the number of nonhypoxic tumor cell clusters and the number of radioactive atoms per nanoparticle ͑Table I͒. n mAb is the quantity of monoclonal antibodies which surrounds each cell cluster. Its value was calculated by multiplying the surface of the cell cluster by the covering fraction defined as the number of bound mAbs per unit of tumor surface. The covering fraction was adjusted to ensure a maximal dose of 30 Gy around the tumor surface. In our model, this value is reached if covering fractions are 3.8ϫ 10 7 and 2.5ϫ 10 7 mAb/ cm 2 for solid tumors of 0.5 and 1.0 cm radii, respectively. These values are clearly lower than typical values for covering fractions given for monoclonal antibodies coupled to a single radionuclide, which range from 10 8 to 10 10 mAb/ cm 2 . 39 With parameters listed in Table I , we calculated the total activity according to Eq. ͑4͒ above. The latter represents the activity that would be injected directly into tumors. When the radioactive nanoclusters are used, the total activities are about 3.5 MBq for tumor of 0.5 cm radius and 20 MBq for tumor of 1.0 cm radius. These values are very large if we compare them to cumulated activities obtained when a single 90 Y atom is linked to each antibody. Indeed, despite of a maximal covering fraction of 10 10 mAb/ cm 2 , total activities for single 90 Y per mAb decrease to 0.9 and to 7.5 MBq for tumor radii of 0.5 and 1.0 cm, respectively. These total activities ͑Table I͒ will be used to compute the TCP and SCP.
The thickness between each spherical mesh was reduced to 0.05 cm to increase the number of shells inside and around the tumor. This value is less than 1 mm, which is the minimal thickness normally imposed by the software MCNPX 2.5.0. 44, 45 In order to test the influence of shell thicknesses on deposited energies simulated by MCNPX, a comparison among three different segmentations of concentric spherical shells ͑0.5, 1.0, and 2.0 mm͒ was performed. As shown in Fig. 2 for tumors of 0.5 cm radius, the three curves representing the energy deposition for the three different thicknesses display great disparities. When the activity is uniformly dispersed throughout the tumor, deposited energies simulated with MCNPX tend to decrease in tumoral and normal tissues with the number of concentric spherical shells. For linear distribution of antibodies, predicted deposited energy inside the tumor is diminished when the number of segmentations decreases, whereas it increases in healthy tissues. Finally, curves plotted for the exponential distribution of antibodies show an increase and a shift in the peak toward the right when the thickness between meshes decreases. It is worth noting that these differences in simulated energy deposition according to the choice of the segmentation disappear for a larger tumor radius. Indeed, as illustrated in Fig. 2 for a tumor with a radius of 1.0 cm, curves of deposited energies are similar whatever the thickness of concentric spherical shells, especially for uniform and linear antibody distribution. When the antibodies are distributed exponentially, an increase in the maximal dose deposited near the tumor surface is observed when the thickness between concentric spherical shells decreases. Consequently, the nature of the mesh chosen to simulate energy deposition may have an incidence on the shape of the predicted absorbed dose distribution curve for small tumor radii. The segmentation of 0.05 cm was chosen to provide more points on the energy deposition curve and because linear or exponential probability decreases for each cell cluster to be reached by antibodies have also been done by steps of 0.05 cm. The latter corresponds to the diameter chosen for cell cluster constituting the tumor.
6 II.C. BED"r…, error, and SCP"r… calculations BED distribution and TCP are adequate methods to analyze the radiobiological effects of treatment resulting from radioactive nanoparticles. Both BED and TCP distributions are mathematical models often used to predict the response to irradiation of normal and tumor tissues, which is very useful for evaluating the best treatment for each individual patient. 25, 42, 46 Absorbed doses D͑r͒ were thus converted into BED according to Eq. ͑5͒ given by
In our model, a spherical tumor is subdivided in cell clusters and BED͑r͒ is defined as the dose required for killing a cell unit located at a distance r from the center of the tumor. D͑r͒ is the absorbed dose computed by our MCNPX simulations. eff , , ␣ / ␤, and q are biological parameters ͑see hereunder͒. This equation is valid for both tumors and healthy tissues, but differences exist between radiobiological factors for tumoral and normal tissues. The values of these parameters for the three antibody distributions are presented in Table II . The choice of these values is explained in the following two paragraphs.
All terms in Eq. ͑5͒ have a biological significance. Ionizing radiation can affect living tissues on a cellular level by The ratio eff / ͑ eff + ͒ was incorporated in the expression to take into account the reduction in cell destruction due to repair of sublethal damage during continuous irradiation. 26, 47, 51, 52 This term is deduced from the dose protraction factor for continuous irradiation ͑T = ϱ͒ and varies between 0 and 1. ͑=ln͑2͒ / T 1/2 Rep ͒ is the exponential rate constant that quantifies the rate of sublethal damage repair. The half-time of DNA repair ͑T
1/2
Rep ͒ for normal and tumor tissues may range from a few minutes to several hours. 49, 53 In our simulation, calculations have been performed with a T
Rep of 1.5 h for healthy tissues, which is the repair halftime most widely adopted by authors. 42, 49, 54 The corresponding repair constant is then 0.46 h −1 . For a solid tumor, a lower repair half-time of 0.5 h is generally proposed for simulations, giving a repair constant of 1.4 h −1 . 49, 51 This higher value of limits the chance of producing lethal damage by interaction with a second hit, thus reducing the overall treatment efficacy. Also called cellular radiosensitivity, ␣ and ␤ are tissue specific parameters expressed in Gy −1 and Gy −2 , respectively. Both parameters are determined by a fit of the cell survival curves. 27, 49, [55] [56] [57] The ␣ / ␤ ratio gives an indication of the relative importance of the linear and quadratic terms and determines the shape of the cell survival curve. It is well recognized that ␣ / ␤ ratios less or equal to 5 Gy are generally observed for late-responding tissue. Inversely, values higher than 5 Gy are observed for a majority of tumors. 49, 58, 59 For our simulations, values of 3 and 10 Gy were chosen for normal and tumoral tissues, respectively, because they are the most often used values. 1, 22, 42, 49, 51 In our tumor model, we have introduced the possibility of having a hypoxic core. In these conditions, all cell clusters at the center of the tumor are less radiosensitive than those which are well oxygenated. [21] [22] [23] 55 So, to differentiate ␣ and ␤ values for poorly and normally oxygenated cell clusters, the "q" parameter was introduced. This parameter, also called hypoxia reduction factor, was first proposed by Jones and co-workers 62 to calculate BED for hypoxic cells. They supposed that the radiosensitivity coefficient ␣ and ␤ for a specific tissue are reduced, respectively, by q and q 2 when cells are hypoxic. Indeed, experimental studies have shown that poorly vascularized areas are up to three times more resistant to ionizing radiation than proliferating cells. 30, 62 So, the simplest model is to assume that q is equal to 1 when cells are well oxygenated and to 3 when cells are hypoxic.
The biological parameters are strongly dependent on the structure, the shape, and the cellular composition of a tumor. Experimental evaluations of these radiobiological parameters often lead to variable values. For our simulations, we simply took the most recurrent values proposed in the literature. In order to evaluate the impact of variation in these biological parameters on BED distributions, errors in BED were calculated according to Eq. ͑6͒
The last term ͑‫ץ‬BED/ ‫ץ‬D͒⌬D is negligible because D is computed to the point that ⌬D is minimal. Since ⌬ eff = ⌬ bio + ⌬ phys and ⌬ phys is negligible compared to ⌬ bio , then
Values for ⌬͑␣ / ␤͒, ⌬, and ⌬T bio used to calculate ⌬BED are presented in Table II ͑column 4 for tumor and column 7 for healthy tissues͒. Partial derivatives are determined by
BED͑r͒ distributions calculated according to Eq. ͑5͒ will be used to determine SCP͑r͒, which is defined as the probability that no cell cluster inside each spherical mesh located at a distance r from the center of the tumor survives irradiation. SCP͑r͒ is based on the TCP-NTCP concept. Indeed, SCP͑r͒ is capable of predicting the survival rate of cell clusters after irradiation inside the tumor but, also, in the surrounding healthy tissues. The control probability for a single cell cluster inside a spherical shell located at a distance r from the center of the tumor defined by the SMESH tally was first calculated. Cell clusters are assumed to be dead when all clonogenic cells inside the aggregate are killed by single or double hit events. As TCP, this probability can be calculated using the Poissonian form expressed by 28, 37, 49 CCP͑r
where CCP͑r Ϯ⌬r͒ is the cluster control probability of a cell cluster located at a distance r Ϯ⌬r from the center of the tumor, ⌬r representing the small variations between the distance separating the cluster from the tumor center and the real distance r of the spherical shell defined by the SMESH tally. N is the number of cells before irradiation inside each cube defined by the cubic lattice of 500 m length sides used to subdivide the tumor sphere. The cell density is assumed to be uniform throughout the tumor and healthy tissues. So, with a value of 5 ϫ 10 7 cell/ cm 3 , the number N of cells in each cube of the cubic lattice corresponds to 6250. 60 Equation ͑11͒ requires a defined value of ␣ and not only the ␣ / ␤ ratio. This is probably the most difficult radiobiological factor to determine because it is clearly dependent on the patient and the type of tumor. Atthey and co-workers 61 Finally, shell control probability for the three different radiolabeled antibody distributions ͑uniform, linear, and exponential͒ is defined by the following product:
where K represents the number of cell clusters in each spherical shell defined by the SMESH tally. The TCP can be then calculated by the product of all SCP͑r͒ values, with r varying from 0 ͑center of the tumor͒ to r T ͑surface of the tumor͒.
III. RESULTS AND DISCUSSION
Results presented in this work highlight the advantages of replacing a single radionuclide per antibody with inorganic nanoparticles containing a high number of radioactive atoms. BED͑r͒ and SCP͑r͒ were determined according to Eqs. ͑5͒ and ͑12͒, which take into account the effects of inhomogeneous dose distributions, cellular repair effects between two single-hit events, and the influence of a radioresistant hypoxic core within the tumor. We investigated whether the nature of the spatial distribution of antibodies and the presence of a hypoxic center affect the level of damage caused to cancer cells and to the cells in the surrounding tissue. Effects of repopulation in normal and tumor tissues will be ignored because they are less important than damage repair effects during continuous irradiation. 63 BED was calculated for two spherical tumors of 0.5 and 1.0 cm radii irradiated by 5 nm diameter nanoparticles of 90 Y 2 O 3 . Results are summarized in Table III for tumor radius of 0.5 cm and in Table IV for tumor radius of 1.0 cm. They present values for physical doses D͑r͒ computed with MCNPX, biological effective doses calculated with Eq. ͑5͒, and errors on BED͑r͒ due to variations in biological parameters, obtained from Eq. ͑6͒ and expressed in %.
Tables III and IV resume the most important values for the physical and biological doses inside and outside the tumor. The first are the D and the BED values at the center of the tumor, written down "Cent" in the second column of tables. When this center is well irradiated with doses of up to 60 Gy, the complete destruction of the tumor would be possible. In the second column, we can also find "Max" which gives the maximum values, which can be deposited within the tumors. To analyze the impact of the radiolabeled nanoparticles on healthy tissues, the value of D and BED at the surface of the tumor ͑Surf͒ and 1 mm beyond the tumor surface ͑Out͒ are also given. The best situation is to obtain a high physical or biological dose at the tumor surface where the proliferation is probably the most important and a minimum value for D or BED in the surrounding healthy tissues. Finally, values of D and BED at the center, at the surface and 1 mm beyond the tumor surface, as well as the maximum physical and biological doses deposited inside the tumor are calculated for a tumor with or without a hypoxic core and for the three types of antibody distributions: Uniform, linear, and exponential. Table II and Eq. ͑5͒ with q = 1 for both tumor and healthy tissues. Table II and Eq. ͑1͒ with q = 1 for both tumor and healthy tissues.
III.A. BED distributions for tumors without hypoxia
III.A.1. Nanoparticle labeled antibody
Gy is observed between the absorbed dose and the biological dose for tumors of 0.5 and 1.0 cm radii, respectively. This increase is clearly due to the presence of the quadratic component of the calculated BED. For the linear or exponential distributions of antibodies, maximum peaks are observed at 0.25 or 0.40 cm for a tumor radius of 0.5 cm and at 0.70 or 0.90 cm when the tumor radius reaches 1.0 cm. These maximum doses are clearly located near the tumoral surface where the cell proliferation is the most important. For both tumor radii, BED͑r͒ at 1 mm beyond the tumoral surface ͑i.e., in healthy tissue͒ remains inferior to 30 Gy, except for the exponential distribution of antibodies for the 0.1 cm radius tumor where the biological dose reaches 39 Gy. This last result highlights how significantly radiolabeled nanoparticles penetrate deeply inside the tumor rather than staying in the vicinity of the surface. Indeed, the more the distribution is exponential, the more that dose deposition inside healthy tissues is important. It is also possible to use radionuclides with shorter emission ranges to increase the sharpness of the falloff near the surface of the tumor on the absorbed dose and the biological dose curves.
As there exist uncertainties in the values for different biological parameters proposed in literature, error bars on biological dose curves have been added to see how the variation in and ␣ / ␤ can influence initial BED values ͑Figs. 3 and 4͒. The difference between biological and absorbed doses is strongly dependent on the choice of radiobiological factors. The decrease or increase in BED values is mainly due to variations in the repair half-time ͑T ͒ parameter. For a tumor of 0.5 cm radius, an increase in T values from 0.5 to 1.5 h generates an increase in BED maximal values from 217 to 301 Gy, from 157 to 205 Gy, or from 144 to 185 Gy for uniform, linear, or exponential antibody distributions, respectively. Such an observation makes sense because cells with higher repair half-time for sublethal damage have a higher probability of undergoing cell death after an interaction with a second radiation. BED values are also weakly reduced when ␣ / ␤ increases. If a ␣ / ␤ ratio of 15 Gy is used in the model instead of 10 Gy, the maximal BED value for a tumor of 0.5 cm radius changes from 217 to 203 Gy, from 157 to 148 Gy, and from 144 to 136 Gy for uniform, linear, or exponential antibody distributions, respectively. The fact that BED values are reduced is logical because a diminution in the ␣ / ␤ ratio induces a decrease in the quadratic term of Eq. ͑5͒. However, BED values in healthy tissues are lower than BED inside the tumor, although values of and ␣ / ␤ are about three times less than in normal tissues.
All these results demonstrate how important it is to know, with accuracy, the biodistribution of antibodies and the biological factors when BED is calculated inside the tumor. However, with values up to 60 Gy everywhere inside the tumor, biological doses required to treat a cancer remain sufficient even if ␣ / ␤ or varies within a plausible range of values. Moreover, in most cases, BED values lower than 30 Gy are observed in surrounding healthy tissues indicating that they will be spared. However, all these values are probably underestimated because the presence of antibodies in healthy tissues in this model is assumed to be null. Furthermore, error bars for BED in healthy tissues are small, which means that large variations in biological parameters induce small differences of BED. Such findings are important to ensure the patient safety.
III.A.2. Single atom labeled antibody
Previous results have to be compared to dosimetry calculations when only a single radionuclide 90 Y is coupled to each antibody. To determine absorbed doses, the maximal covering fraction of 10 10 mAbs/ cm 2 has been considered. 39 With such a value, total activities correspond to about 0.9 and 7.5 MBq for tumors of 0.5 and 1.0 cm radii, respectively. As illustrated in Fig. 3 for a tumor of 0.5 cm radius, differences between D and BED curves are smaller than those observed for radioactive nanoparticles. Moreover, absorbed and biological doses are inferior to 60 Gy, which means that the activity deposited by radiolabeled antibodies is insufficient to correctly treat solid tumors such as non-small-cell lung carcinomas. This result remains true independently of the type of antibody distribution. Similar results are obtained for a tumor with a radius of 1.0 cm ͑Fig. 4͒ despite the larger total activity. Without hypoxia, values of absorbed and biological doses vary between 20 and 60 Gy for the three different antibody distributions, which is again insufficient to obtain good treatment outcome.
III.B. BED distributions for tumors with hypoxia
The presence of a large central hypoxia in the tumor can greatly influence clinical outcome in targeted radiotherapy. As explained earlier, our tumor model is capable of taking into account two types of cells with different radiosensitivity: Normally oxygenated ͑q =1͒ and hypoxic cells ͑q =3͒. BEDs were modelized for tumors of 0.5 and 1.0 cm radii containing a hypoxic core ͑Figs. 5 and 6͒. The percentage of hy- Table II and Eq. ͑5͒ with q = 1, with the exception that the value of q changes from 1 to 3 for the hypoxic core.
poxic cell clusters compared to the total number of cell aggregates was chosen to be 25%, corresponding to a spherical hypoxic core of 0.32 radius for the smaller carcinoma and of 0.64 cm radius for the largest ͑cf. Table I͒ Gy at a distance of 1 mm from the tumor, except for the exponential distribution. In this last case, BED value is higher than 40 Gy, which is too high if we wish to avoid important damage to the lung tissues ͑or surrounding tissues͒ in close proximity.
III.B.2. Single atom labeled antibody
Once again, previous results have been compared to D and BED calculations when only a single atom is linked to each antibody. For the tumor of 0.5 cm radius in which 25% of the cell clusters are poorly oxygenated at the center ͑Fig. 5͒, maximal doses range from 30 to 35 Gy at 0.35 cm from the tumor center for uniform distribution and at 0.40 cm from the tumor center for linear or exponential antibody distribution. Biological doses lower than 10 Gy are also calculated in the hypoxic core. All these BED values are much too low to eradicate completely the tumor. For a larger tumor of 1.0 cm radius ͑Fig. 6͒, maximal doses reached also remain inferior to 60 Gy whatever the antibody distribution and the biological doses are close to zero at the tumor center. It has to be noted that values for absorbed and biological doses Table II and Eq. ͑5͒ with q = 1, with the exception that the value of q changes from 1 to 3 for the hypoxic core.
remain inferior to 15 Gy in healthy tissues for both tumor radii and for the three activity distributions, which means that the treatment remains harmless for healthy tissues.
III.C. SCP distributions
Up to now, it is not clear which antibody distribution would be the most efficient to treat spherical solid cancers, such as NSCLC. The only important difference between the three distributions we envisaged is the localization of the maximum of the biologically effective dose inside the tumor that could influence treatment outcome. For uniform distribution, this maximum is located at the tumor center while this maximum shifts near the tumor surface when the distribution becomes exponential. Figure 7 shows shell control probabilities in relation to the distance r for two spherical tumors with radii of 0.5 cm ͓cf. Figs. 7͑a͒-7͑c͔͒ 
III.C.1. Nanoparticle labeled antibody
When a NSCLC tumor of 0.5 cm radius does not present a hypoxic core, and when it is treated with 5 nm diameter nanoparticles of 90 Y 2 O 3 , the SCP curve displays a plateau from the center of the tumor toward its surface and this, independently of the antibody distribution. These results mean that the probability to observe a cell cluster surviving irradiation is very weak throughout the whole tumor. The only difference between the three distributions is the value of SCP at the tumor surface. Indeed, SCP is maximal for exponential antibody distributions and is a little bit lower when antibodies are distributed linearly ͑SCP of 94%͒ or uniformly ͑SCP of 83%͒. Finally, SCP rapidly decreases to zero in lung healthy tissues, for the three distributions. Tumor control probabilities for uniform, linear, and exponential distributions are, respectively, 83%, 94%, and 100%.
Similar results are obtained when the spherical tumor reaches a radius of 1.0 cm ͓Figs. 7͑d͒-7͑f͔͒. SCP values of 100% are calculated inside the tumor, except for the exponential antibody distributions for which a small decrease in SCP from 100% to 97% is observed halfway between the center and the surface of the tumor. Inversely, SCP values of 0% are observed in healthy tissues. At the tumor surface, SCP varies from 100% for the exponential activity to 0% when the radionuclides contained in the nanoparticles are distributed uniformly through the tumor. In general, simulated curves plotted on Fig. 7 indicate that a good treatment outcome could be obtained with the use of radioactive nanoparticles coupled to each antibody, independently of the activity distribution ͑uniform, linear, or exponential͒. With 87%, the best TCP is obtained for exponential distribution of antibodies. Figure 7 also shows values of SCP plotted against r when spherical carcinomas present a hypoxic core, i.e., 25% of the total number of cell clusters is poorly oxygenated at the center of the tumor. In this case, SCP decreases from 100% to 0% in the region of the hypoxic core. This result indicates that the use of 5 nm diameter nanoparticles containing 90 Y is not efficient enough to irradiate three times more radioresistant cell clusters when the antibodies cannot penetrate inside this part of the tumor.
We have also investigated the variation in SCP when values of the different biological parameters ͑␣, ␣ / ␤, N, and ͒ vary. Study was made of a plausible range of values, similar to those proposed by Atthey and co-workers. 37 For small tumors of 0.5 cm radius, variation in ␣ / ␤ and does not modify SCP values, which means that treatment outcome does not change even with a reasonable fluctuation of BED. 
III.C.2. Single atom labeled antibody
As presented by the SCP curves in Fig. 7 , when a single 90 Y is linked to each antibody, the sizes of tumors, antibody distributions, and the presence of hypoxic cells greatly influence SCP distribution. For example, no cell clusters will be killed when the tumor has a radius of 0.5 cm and presents a central hypoxia of 0.32 cm radius ͓Figs. 7͑a͒-7͑c͔͒. Indeed, SCP values of 0% are calculated for all measures of r. Similar results are observed when the tumor has no hypoxic core and an exponential antibody distribution. Consequently, when tumor has a radius of 0.5 cm and no central hypoxia, better therapeutic effects are obtained when antibodies are distributed uniformly or linearly. In these last cases, a SCP of 100% is reached at the tumor center and decreases progressively through the tumor to a value of 0% at 2 mm before the surface. These results lead to the conclusion that the most highly proliferating cells are not sufficiently irradiated to have a chance of a cancer cure. Figure 7 shows that SCP results for larger tumors of 1.0 cm radius are totally different. Without hypoxia, the shape of SCP curves varies according to the types of antibody distribution. When antibodies are distributed uniformly ͓Fig. 7͑d͔͒, SCP displays a plateau in the center of the tumor and then decreases near the tumor surface which is the region where the number of proliferating cells is the most important. For linear and exponential distributions ͓Figs. 7͑e͒ and 7͑f͔͒, the maximal values of SCP are located, respectively, at a distance of 0.70 and 0.90 cm from the center of the tumor, with a narrower and higher peak for the exponential distribution. Inversely, the shape of SCP curves for the three dif-ferent antibody distributions is similar when the tumor has a hypoxic core. A maximal SCP of 100% is reached in the normally oxygenated part of the tumor, with a deeper radial position within the tumor when the antibodies are uniformly distributed through the tumor. Moreover, the more the distribution is exponential, the more the peak is narrow. A better shell control probability seems to be obtained when the quantity of antibodies decrease linearly through the nonhypoxic part of the 1.0 cm radius tumor.
Variations in the maximal value for SCP were evaluated for a wide range of biological parameters. Figure 8 shows that maximal SCP values obtained for a tumor of 1.0 cm radius without hypoxia decrease when the ratio ␣ / ␤, the cellular repair constant and the cell density increase. Results also indicate that shell control probability decreases rapidly when the intrinsic radiosensitivity ␣ is lower than 0.35 Gy. Consequently, due to the lower doses deposited inside the tumor when single radionuclides coupled to each antibody is used rather than radioactive nanoparticles, values of SCP depend more on the choice of biological parameters and the antibody distributions.
IV. CONCLUSIONS
In RIT, dose deposition inside the tumor is performed by the use of monoclonal antibodies labeled with only one radioactive atom. In a previous work, the advantage of using radioactive nanoparticles containing hundreds of radioactive atoms rather than single radionuclides was modelized.
6 Dosimetry calculations were performed with the MCNPX Monte Carlo code by introducing a new model of tumor in which radiolabeled antibodies can be uniformly, linearly, or exponentially distributed. However, these deposited doses did not take into account the radiosensitivity and cellular repair effects of the targeted tumor and surrounding tissue. Therefore, BED and SCP formulas were applied in this work to estimate more properly the tumor response and treatment outcome.
BED and SCP distributions were calculated for advanced non-small-cell lung cancer for which no efficacious therapy exists. When only one ␤-emitter 90 Y is coupled to each antibody, the calculated BED is lower than 60 Gy in the overall tumor. SCP values show clearly that these biological doses are insufficient to correctly treat NSCLC. When the single ␤-emitter is replaced by a 5 nm diameter nanoparticle containing approximately 1000 90 Y atoms, sufficiently high biological doses can be obtained to completely kill the nonhypoxic part of a NSCLC, while limiting radiation in healthy lung tissues. SCP calculations confirm these results by reaching a maximal value of 100% inside the normally oxygenated part of the tumor and a minimal value of 0% in the surrounding healthy tissues. However, BED and SCP values are influenced by the choice of the geometrical factors used to describe the tumor ͑i.e., morphology of the tumor and cell cluster dimensions, radioactivity distribution throughout the tumor, and volume of hypoxic core͒ by the model used to calculate BED͑r͒ ͑i.e., LQ model, cellular repair, and hypoxic and repopulation effects͒ and by biological parameter values selected for NSCLC and lung tissues. Variability of both SCP and BED distributions have been analyzed for a wide range of biological parameter values and the results confirm their important impact on BED distributions inside the tumor. Inversely, it is interesting to note that despite large differences in BED curves, shell control probability remains relatively unaffected when radioactive nanoparticles are used. This last result is probably due to the high activity deposited inside the tumor by the numerous radioactive atoms contained in the nanoparticles. To conclude this paper, for either small or large solid tumors, BED and SCP calculations clearly confirm the efficacy of radioimmunotherapy when using radioactive nanoparticles rather than a single radionuclide coupled to each antibody. 
